There are four members of the platelet-derived growth factor (PDGF) family; PDGF-A, PDGF-B, PDGF-C and PDGF-D. Their biological effects are mediated via two tyrosine kinase receptors, PDGFR-a and PDGFR-b, and PDGF-mediated signaling is critical for development of many organ systems. Analysis in adult tissues showed that PDGF-C was mainly expressed in kidney, testis, liver, heart and brain. During development, PDGF-C expression was widespread and dynamic, and found in somites and their derivatives, in kidney, lung, brain, and in several other tissues, particularly at sites of developing epidermal openings. PDGF-C may therefore have unique functions during tissue development and maintenance. q
Results and discussion
Mouse platelet-derived growth factor (PDGF)-C has an N-terminal CUB domain, a hinge region, and a C-terminal VEGF/PDGF homology domain similar to the human protein (Li et al., 2000) . The role of the CUB domain is currently unknown, apart from its role in the regulation of the activity of the growth factor, but it may also serve as a retention motif involved in deposition of the growth factor in areas adjacent to its sites of action. It is therefore important to investigate the protein localization pattern in comparison with its mRNA expression pattern as previously done by Nagy and co-workers (Ding et al., 2000) .
Northern blotting analysis of adult tissues showed high expression of PDGF-C transcripts in the kidney, and lower expression in the liver and testis, heart and brain (Fig. 1A) . Immunoblotting of protein extracts from adult mouse kidney showed that PDGF-C exists as full-length 56 kDa species, as well as processed forms in vivo (Fig. 1B) .
Analysis by whole-mount in situ hybridization and immunohistochemistry at embryonic day (E) 9.5-12.5 shows PDGF-C expression in the myotome and branchial region, as well as in the surface ectoderm and in the palate (Fig.  1C,H) . Expression in the frontonasal mesenchyme is restricted to cephalic neural crest cells, which will generate future cartilage, bone, odontoblasts, and connective tissue of the face. The staining of the surface ectoderm of PDGF-C is not uniform, being mainly expressed in future fusion/opening areas (e.g. nostrils, ear canals, eye lids, see below).
Immunohistochemical staining for PDGF-C is detected in the developing brain, in the neural tube, notochord and sclerotome, as well as in mesenchyme surrounding the cavities (Fig. 1E-I ). In the nasal cavity, PDGF-C is expressed at several sites with ongoing tissue morphogenesis (Fig. 1I,J) . At E14.5, expression is also detected in mesenchymal condensations in the head and in the glandular adenohypophysis (Fig. 1K) . PDGF-C is found in the corneal epithelium and at the boundary of the eyelid (Fig.  1O , eye at E16.5). The ventral horn of the spinal cord is positive and continuing staining of the floorplate (Fig. 1L) . At E16.5, brain, choroid plexus, and vascular elements of pia mater are also stained (Fig. 1M) . The weak staining of the vibrissae found at E14.5 is enhanced by E16.5 (Fig.  1N) . PDGF-C is expressed in the fusion line of the eyelids (Fig. 1O) .
At E9.5-10.5, the myotome expresses PDGF-C, and by E14.5, all muscles are positive ( Figs. 1 and 2 ). Expression in skin shifts from uniform to a basal localization at E15-16 (Fig. 1N) . PDGF-C expression is found in the mesonephric ducts and tubules, metanephric mesenchyme and mesenchyme surrounding the adrenal gland, but also in the epithelium of the collecting ducts, the urethra and bladder ( Fig border, and the urethra express the protein, in contrast to the specific mRNA expression (Fig. 2D,E ). At E17, in new-born mice, and in adults, the collecting tubules of the medulla and pelvis are again positive (Fig. 2F) . The difference in mRNA and protein expression is probably reflecting a posttranscriptional event that affects ligand availability. The glomeruli are negative throughout development.
At E11.5-12.5, PDGF-C expression can be detected in both the trachea and the esophagus ( Fig. 2A) . At E14.5, only the esophagus stains positive (Fig. 2G,H) . At E16.5, the dorsal part of the trachea again becomes positive (Fig. 2J) . In the lung, PDGF-C staining is found in the lung epithelium and surrounding mesenchyme (Fig. 2I,J) . The sclerotome develops into the vertebra and PDGF-C is expressed by the hypertrophic chondrocytes (Figs. 1L and 2K ).
The cardiomyocytes of the heart show expression of PDGF-C protein throughout development. In contrast, the heart is negative for PDGF-C mRNA (Figs. 1C and 2L), Northern blot analysis of adult mouse tissues. PDGF-C is expressed as two transcripts of 3.5 and 2.9 kb in the kidney, liver, testis, heart and brain and an additional 1.8 kb transcript in the testis. The PDGF-C and PDGF-A expression overlaps within several organs, such as the heart, brain, liver, kidney and testis (data not shown). (B) Immunoblot analysis of protein extract from adult mouse kidney. PDGF-C was detected using affinity purified polyclonal rabbit antibodies against PDGF-C ( Li et al., 2000) . PDGF-C migrates as a 56 kD band under reducing conditions (arrow). In addition, two in vivo processed species (asterisks) of 31 and 30 kD were detected. The analysis also confirmed the specificity of the polyclonal antibody. The molecular weight standards are indicated to the right in the figures. (C,D) Whole-mount in situ hybridization analysis in mouse embryo. (C) Expression of PDGF-C mRNA in the brancheal arches (arrow), otic vesicle (arrowhead) and in the rostral somites (asterisk). (D) High magnification of the head with expression in the nostrils (arrows) and eyelid (arrowhead). (E-P) Immunohistochemical localization of PDGF-C in mouse embryos. Transverse sections in (E-G), (I,J) and (L-P), and para-sagittal sections in H and K. Staining in: (E), cephalic mesenchyme around Rathke's pocket, but not the pocket itself; (F), lateral mesenchyme of the otic vesicle; (G), notochord, sclerotome and floorplate; (H), mesenchyme around Rathke's pocket and palate; (I), epithelium of the nasal pit towards the nasal opening (arrow), mesenchyme surrounding the nasal cavity; (J), uniformly stained epithelium at the rostral extremity nasal region (nostril); (K), pituitary, the glandular adenohypophysis is at E14.5, an active site for cellular and vascular proliferation; (L), ventral horn of spinal cord (arrow), floorplate (arrowhead), vertebra, muscles, bronchi and esophagus; (M), marginal zone of the future neocortex of the brain (arrowhead) and border zone between the cortical plate and the intermediate zone (arrow), inserted is a higher magnification of the boxed area; (N), skin and vibrissae with staining in the root sheath; (O), eye; (P), nasal region, predominantly in the basal aspect of the olfactory epithelium (arrow), most anteriorly in the vomeronasal organ, only the surrounding mesenchyme is positive, but further posteriorly expression is also detected in the medial epithelium. ce, corneal epithelium; cp, choroid plexus; dp, dermal papilla; e, esophagus; fg, fore gut; fp, floor plate; le, lens; lu, lung; m, muscle; me, mesenchyme; nc, nasal cavity; oc, oral cavity; ov, otic vesicle; pd; pars distalis; pi, pars intermedia; r, Rathke's pouch; s, sclerotome; sc, spinal cord; sk, skin; t, trachea; sp, sphenoid cartilage; v, vertebra; vo, vomeronasal organ. Embryonic days are indicated at the bottom right corner. Scale bars, 500 mm. suggesting that it might retain circulating PDGF-C. Expression in the vascular system is dynamic with expression in the smooth muscle cells of many larger vessels, e.g. kidney arteries, and the dorsal aorta and vena cava as they bend, fuse or enter the heart (Fig. 2F-H ). Our data, both at the mRNA and protein level, confirm the expression pattern reported by Ding et al. in most organs, but differ in others, such as the central nervous system and the heart. Previous studies have shown that PDGF-A and PDGFR-a are expressed in adjacent cell layers of the developing embryo (Orr-Urtreger and Lonai, 1992) . We demonstrate similar expression patterns of PDGF-C and PDGF-A in some tissues, but also overlapping expression with PDGFR-a in others (Table 1) . Fig. 2 . Immunohistochemical localization of PDGF-C in the developing mouse embryo. Transverse sections in (A-E), (G-J) and (L), and para-sagittal sections in (F) and (K). (A) Mesonephros, trachea and esophagus, as the trachea divides the expression pattern is changing; just before the bulging of the epithelium PDGF-C becomes restricted to the ventro-lateral side of the trachea; (B-F), kidney; (G,H), cardiac region; (I,J), lung; (K), ribs and vertebra; (L), heart. a, aorta; at, atrium; b, bronchus; cd, collecting duct; e, esophagus; ec, endocardial cushion; g, glomerulus; li, liver; lu, lung; m, muscle; mm, metanephric mesenchyme; my, myocardium; ri, rib; smc, smooth muscle cells; t, trachea; u, urethra. Embryonic days are indicated at the bottom right corner. Scale bars, 500 mm.
Materials and methods
An adult mouse multiple tissue Northern blot was hybridized with a 32 P-labeled probe covering the 5 0 part of mouse PDGF-C cDNA as recommended (MTN, Clontech). PDGF-C protein from adult mouse kidney was detected as described (Li et al., 2000) . C57Bl/6J females were mated and a vaginal plug confirmed the time of pregnancy (E0.5). Non-radioactive in situ hybridization was carried out as described (Boström et al., 1996) . For immunohistochemistry, affinity purified polyclonal rabbit antibodies against both human and mouse PDGF-C (Li et al., 2000) were used essentially as described (Aase et al., 1999) . As negative controls, both antibodies were preabsorbed with 50 £ molar excess of PDGF-C core domain protein (Li et al., 2000) , or the sections were incubated with only the secondary Ig, or pre-immune rabbit IgG was used as the primary antibody. In all cases, only background staining was observed.
